A significant part of the cost for carbon capture and storage (CCS) is related to the compression of captured CO 2 to its supercritical state, at 150 bar and typically 99% purity. These stringent conditions may however not always be necessary for specific cases of carbon capture and utilization (CCU). In this manuscript, we investigate how much the parasitic energy of an adsorbent-based carbon capture process may be lowered by utilizing CO 2 at 1 bar and adapting the final purity requirement for CO 2 from 99% to 70% or 50%. We compare different CO 2 sources: the flue gases of coalfired or natural gas-fired power plants and ambient air. We evaluate the carbon capture performance of over 60 nanoporous materials and determine the influence of the initial and final CO 2 purity on the parasitic energy of the carbon capture process. Moreover, we demonstrate the underlying principles of the parasitic energy minimization in more detail using the commercially available NaX zeolite. Finally, the calculated utilization cost of CO 2 is compared with the reported prices for CO 2 and published costs for CCS.
Introduction
Nowadays, there are no technological hurdles to the industrial deployment of post-combustion carbon capture. However, the high energy penalty of the process and the associated nancial costs hamper the actual use of the technology. Drastically lowering the price of this process is therefore a requisite for the competitiveness of carbon capture as a viable technology to reduce CO 2 emissions. [1] [2] [3] [4] [5] The most mature technology for carbon capture and storage (CCS) to separate CO 2 from the post-combustion ue gases is amine scrubbing, a two-step process in which CO 2 is rst chemically bound to the amines and later recovered in a pure form by 'stripping' the CO 2 from the amines at high temperatures. 6, 7 A commonly used amine in this process is monoethanolamine (MEA). Heating the dilute aqueous amine mixture imposes a severe energy penalty on the process. Alternative technologies are therefore proposed, such as adsorption in nanoporous materials. A variety of classes of nanoporous materials exists with high CO 2 /N 2 selectivity, good CO 2 uptake, as well as a less energy demanding regeneration than the amine solutions. [8] [9] [10] Among them are metal-organic frameworks (MOFs), 11, 12 zeolitic imidazolate frameworks (ZIFs), 13, 14 porous polymer networks (PPNs), [15] [16] [17] and zeolites. [18] [19] [20] [21] There are several possibilities to lower the cost of post-combustion carbon capture with nanoporous materials, which will be outlined in the following subsections. In the rst place, ongoing advances in material research and computational screening methods can help to design a new material with potentially better CCS properties. Secondly, novel ways to operate the carbon capture process can also reduce the energy consumption. Thirdly, changing the operating conditions of the carbon capture process also provides opportunities to save energy. The latter will be the focus of this manuscript.
Alternative materials
Due to rational material synthesis approaches there has been an explosion of new materials in recent years. Since their discovery in the 1990's, some 10 000 Metal-Organic Frameworks (MOFs) have been synthesized, and countless new ones as well as specic modications are designed every year. 23 Moreover, the importance of zeolites in the petrochemical industry has spurred new developments in the eld of zeolite synthesis as well. 24, 25 To compare nanoporous materials among each other, Bae and Snurr presented ve criteria to evaluate CCS performance: CO 2 uptake, CO 2 /N 2 selectivity, CO 2 working capacity, regenerability of the material and a sorbent selection parameter. 26 Some of the authors of this manuscript proposed to use one metric instead, the "parasitic energy", i.e. the energy output of the power plant immediately consumed by the CCS process. 27, 28 This metric can easily be related to the industrial application of CCS, as it straightforwardly identies the material with the lowest energy requirement for CCS.
However, experimentally determining any CCS metric for thousands of possible candidates would be nearly impossible. Therefore, high-throughput computational screenings of databases with existing as well as hypothetical materials have become very attractive tools. They allow us to evaluate millions of materials for their CCS performance and guide experimental efforts in the direction of the most promising materials. With these computer screenings, it is not only possible to assess the boundaries of the material space for their carbon capture performance, but also get molecular insights on the best performing materials. A screening of nanoporous materials from different material families identied that adsorbent-based carbon capture can yield a parasitic energy 30% lower than that of the amine scrubbing process, but that further improvements are not to be expected. 27, 28 Finally, going beyond brute force computational screenings requires machine learning techniques, which have already been applied for gas adsorption in nanoporous materials. 12, 29, 30 
Alternative technologies
Although the discovery of new materials may gradually improve carbon capture performance, previously mentioned screening studies showed that this approach has its limits. Therefore, it is worth taking a second look at the carbon capture process, shown in Fig. 1 . In conventional nanoporous materials-based carbon capture process, the exhaust gases of the power plant are rst cooled and CO 2 is adsorbed at low temperatures to maximize CO 2 uptake. Once the adsorption bed is saturated with CO 2 , the nanoporous material is regenerated either by heating the material or by applying a vacuum. Either way, a parasitic energy penalty is imposed on the process. Moreover, H 2 O in the exhaust gases will compete for the same adsorption sites as CO 2 , thereby lowering the CO 2 uptake and increasing the parasitic energy. 31 In the newly proposed "High-temperature Adsorption and Low-temperature Desorption" (HALD) set-up, the temperature-dependent competitive adsorption of CO 2 and H 2 O is exploited to overcome the high energy requirement. 22, 32 At high temperatures, the competitive adsorption of CO 2 and H 2 O is in favor of CO 2 , so adsorption at higher temperatures (without rst cooling the exhaust gases) improves the selectivity towards CO 2 . As the competition is in favor of H 2 O at low temperatures, CO 2 can be desorbed at low temperatures, by cooling and saturating the absorbent with H 2 O. When the regenerated zeolitevoid of CO 2 but full with H 2 Ois brought into contact again with the hot exhaust gases, the waste energy of the ue gas desorbs the H 2 O from the material and restores the Fig. 1 Layout of a coal-fired power plant. (A) represents a power plant retrofitted with conventional carbon capture technology based on CO 2 adsorption on a nanoporous material. The exhaust gases are first cooled and CO 2 is subsequently adsorbed. Regeneration of the bed requires a parasitic energy from the power plant, which is even higher when H 2 O is present. (B) is a power plant retrofitted with the proposed High-temperature Adsorption and Low-temperature Desorption (HALD) technology, whereby adsorption takes place at high temperatures and the material is regenerated by cooling the adsorbent while saturating it with H 2 O. 22
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competitive advantage of CO 2 . This temperature swing process utilizes the residual heat of the exhaust gases to overcome the competition with H 2 O and capture the CO 2 from this CO 2 /N 2 /H 2 O mixture and hence does not require the input of energy for regeneration. The upside-down HALD alternative to traditional CCS methods thereby opens new perspectives to reduce the energy penalty of CCS.
Alternative operating conditions
For the application of carbon capture and storage (CCS), the captured CO 2 has to be of high purity (99%) before it can be compressed to a supercritical state at around 150 bar. 33 Only in these conditions can CO 2 efficiently be stored in geological formations. The high purity requirement and the compression to high pressure constitute a large part of the energy penalty for CCS. However, the stringent conditions may not always be necessary for specic cases of carbon capture and utilization (CCU). As a result, the price per tonne CO 2 may actually be signicantly lower, shiing the economics of CCU into a more favorable direction.
In Table 1 , a few examples of CCU are given. From le to right, the examples are organized with decreasing CO 2 purity for the application, 99%, 70% or 50%. From top to bottom, the CO 2 source is indicated: coal-red power plants, with 14% CO 2 in their ue gases, gas turbine exhaust gases, with about 4% CO 2 ue gases, and air, with CO 2 levels of about 400 ppm.
An application in which 50% CO 2 could suffice, but for which large amounts of CO 2 are needed, is the cultivation of algae for the production of biofuels. 34 Increased CO 2 levels are used to heighten the crop production in greenhouses, although for this application smaller quantities suffice, provided by a gas turbine or a biomass plant for instance. 35, 36 Finally, for the carbonation of drinks, local CO 2 production directly from the air could be an option. An interesting example for 70% CO 2 is the production of "Carbstone". 37 In a chemical process, nely ground CaO and MgO, waste products from the metallurgical industry, react with CO 2 to produce CaCO 3 /MgCO 3 bricks and tiles. This is an example where CO 2 is both permanently sequestered in a chemically stable solid product, as well as utilized for a useful application (CCUS). Smaller amounts of CO 2 could be used as an inert gas in welding, 38 or for specic molding techniques, in which CO 2 was found to increase the hardness. 39 Finally, locally producing small amounts of CO 2 could also be practical for fumigation, for instance of bed bugs. 40 Some cases however do require the use of very pure, 99% CO 2 . Enhanced Oil Recovery (EOR) for instance, injects CO 2 in near-depleted oil wells under supercritical conditions. 41 The market for this application is in the order of millions of tonnes of CO 2 per year, and therefore large coal-red power plants are needed to ll that demand. For re extinguishers, pure CO 2 is also necessary, but much smaller CO 2 sources can be utilized. 42 Finally, direct air capture could serve as a solution of last resort, when the climate turns really bad and the CO 2 level in the atmosphere has to be suppressed on a very short term, direct air capture devices can be used for carbon capture and storage, directly from the atmosphere. 43, 44 2 Goal
The central question in this manuscript is how much the parasitic energy of carbon capture can be lowered by utilizing CO 2 at 1 bar and adapting the nal purity requirements for CO 2 from different CO 2 sources. First, we investigate the inuence of the nal purity requirement for the case of coal-red power plant ue gases. Then, we extend this analysis to other sources of CO 2 , the ue gases of natural gas-red power plants and ambient air. Aerwards, we go into more detail on the purity of the desorbed mixture. Then, the properties of NaX, a commercially available material, and the minimization of the parasitic energy are studied in more detail. Finally, we will compare the calculated CCU cost with reported costs for CCS and available prices for CO 2 .
Methodology
The parasitic energy of the carbon capture process stems from the regeneration of the nanoporous material, either by heating the material, by applying a vacuum or a combination of the two. In the rst place, the material can be heated up in order to trigger CO 2 desorption. This thermal heating energy, Q thermal , not only incorporates the sensible heat requirement to heat the material but also the required desorption heat of CO 2 . The latter heat term is required to undo the binding of the CO 2 to the nanoporous material in order to proceed with the storage process. Accordingly, the thermal energy requirement per mass CO 2 is given by:
with the rst term representing the sensible heat, which includes the parameters of the specic heat capacity C p of the nanoporous material, the mass of the adsorbent m sorbent , and the temperature difference between the adsorption and desorption process DT. The second term corresponds to the desorption heat, which is characterized by the working capacities Ds i and the heat of adsorption Dh i for both components, respectively. Pure component CO 2 and N 2 isotherms are obtained by tting Langmuir isotherms to experimental data, if available, or data from molecular simulations. Moreover, Ideal Adsorbed Solution Theory (IAST), 45 is used to predict the behavior of a CO 2 /N 2 gas mixture.
The second contribution to the parasitic energy is related to the compression of the desorbed CO 2 to either 1 bar, for utilization, or to 150 bar, for transportation and storage. The compression energy is mainly determined by the CO 2 purity and the desorption pressure. The pumping work, W comp , is estimated by means of the NIST REFPROP database 46 and a linear regression based on this data. The isentropic efficiency of the pump is assumed to be 85% for gas below the supercritical point and 90% above it.
For the overall parasitic energy, we assume that heat is delivered by steam from the power plant and that the compressors are driven by the produced electricity directly. To calculate the total parasitic energy, the loss in the power plant's production, the compression work can be used directly, whereas for the heat, a typical turbine efficiency of 75% 47 and the Carnot efficiency h to convert thermal energy into electrical work have to be taken into account to translate the heat loss in an output loss:
This total energy requirement can be minimized by varying the nal operation conditions of the desorption process, i.e. temperature and/or pressure. These desorption processes are referred to as Temperature-Pressure Swing Adsorption (TPSA), Temperature Swing Adsorption (TSA) or Pressure Swing Adsorption (PSA), depending which parameters are varied or xed, in each case. TPSA operates at changing temperature and pressure, whereas TSA is characterized by constant pressure (set to p des ¼ 1 atm; this equals adsorption pressure) and PSA features a xed temperature (T des ¼ 333 K). The considered desorption conditions range from 0.01 atm < p des < 3 atm and 333 K < T des < 473 K for pressure and temperature, respectively.
The database includes ve classes of nanoporous materials, which are partially of hypothetical nature. These comprise metal-organic frameworks (MOFs), 48-61 zeolitic imidazolate frameworks (ZIFs), 62-64 porous polymer networks (PPNs), 65 zeolites 20 and cation exchanged zeolites (CEZs). 18 Moreover, two classes of hypothetical materials are considered: HMOFsanalogs of the well-studied MOF-5 (ref. 66 )and hypothetical ZIF structures. The class of CEZs is represented by Linde type A and type X zeolites where the Na-cations are partially exchanged by the alkaline earth metals magnesium and calcium. Alongside the fully coordinated MOFs, UMCM-1 and MOF-177, we also included MOFs with open metal sites, like the series M-MOF-74, CuBTC, and CuBTTri. 11, 26, [67] [68] [69] Of special interest in recent years are also porous polymer networks (PPNs) tethered with different polyamines. 70, 71 A full description of the methodology, the assumptions and the considered materials can be found in ref. 28 .
Results & discussion

Minimum energy
Before we dig deeper into the performance of the different materials, it is worth looking at this problem from an elementary thermodynamical viewpoint. 72, 73 It is possible to calculate the minimum work to separate CO 2 from a two-component gas mixture, W sep min , using the molar entropy of an ideal gas mixture containing a mole fraction x of CO 2 , according to
(3)
where n em , n cap and n ue are the number of moles of the emitted, captured and ue gas, respectively. A more detailed description of the calculation is given in the ESI. † Fig. 2 shows the minimum separation energy landscape for a range of initial compositions (x ue on the y-axis) and nal compositions (x cap on the x-axis) at 313 K. Note that the temperature of the ue gases is set to 313 K, whereas the ambient air is assumed to be 288 K. In this work, we focus on three sources of CO 2 : coal-red power plants, with 14% CO 2 in their ue gases, natural gas-red power plants, emitting 4% CO 2 , and ambient air, with some 400 ppm of CO 2 (0.04%). Moreover, we will consider three nal purity requirements, 99%, 70% and 50% CO 2 . These distinct compositions are shown in Fig. 2 on top of the minimum separation energy landscape. Moreover, Table 2 shows numerical values for the minimum energy requirement across the compositions we will investigate in this manuscript. Direct air capture is situated in a very unfavorable region of this energy landscape and relative improvements are relatively small. For coal on the other hand, almost 50% minimum energy can be saved by lowering the purity of the nal mixture from 99% to 50%. The energy requirement for upgrading the natural gas ue gas from 4% to 50% is almost identical to upgrading coal ue gas from 14% to 99%. This observation already opens perspectives to lower the cost of carbon capture from natural-gas red power plants, given that applications for CO 2 at 50% purity can be found.
Inuence of the purity requirement
Now, let us return to the selection of 62 nanoporous materials to consider carbon capture from the ue gas of coal-red power plants. This ue gas has the highest CO 2 content and is therefore the most practical CO 2 source for post-combustion ) to separate CO 2 from a binary mixture with an initial content (y-axis) to a final composition (x-axis), at 313 K and 1 bar. The points relevant in this manuscript are shown in white. The adsorption temperature in the case of direct air capture is 288 K in this manuscript, which lowers the minimum energy compared to the values in this figure.
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carbon capture. Fig. 3 shows the parasitic energy to capture CO 2 from coal ue gas as a function of the CO 2 Henry coefficient (k H,CO 2 ) at 300 K, for the original requirement of CCS, with CO 2 at 99% purity and compressed to 150 bar and for the cases of 99%, 70% and 50% purity at 1 bar. First of all, the compression work from 1 to 150 bar comprises a large part of the parasitic energy and is hence an important part of the cost for CCS. Fig. S1 in the ESI † shows that this contribution to the parasitic energy exceeds 55%, especially for the best performing materials. Furthermore, lowering the purity requirement from 99% down to 70 or 50% further reduces the parasitic energy, although the relative improvements are much smaller than the parasitic energy reduction when omitting the 1 to 150 bar compression work. The parasitic energy of the amine technology with monoethanolamine (MEA), 1065 kJ kg CO 2 À1 , is indicated with a solid line. Please note that for the MEA technology, the 353 kJ kg CO 2 À1 compression work from 1 bar to 150 bar can be avoided, leaving the heating energy as the only contribution to the parasitic Table 2 The minimum energy (in kJ kg CO 2
À1
) to separate CO 2 from a carbon source into a final composition. For coal (COAL) and natural gas (NG) flue gas, the temperature is set at 313 K, for direct air capture (AIR) at 288 K. The final pressure is set to 1 bar energy (indicated with a dashed line in Fig. 3 ). This corresponds to 712 kJ kg CO 2 À1 , 33% lower than the original case. The purity of the nal mixture however cannot be altered for MEA, as only CO 2 reacts with the amines and is therefore recovered at 100%. Within the scope of lowering the energy requirement of carbon capture for certain cases, of carbon utilization, solid adsorbents therefore provide larger margins for energy improvements than amines. Table 3 shows the parasitic energy of the best performing materials for carbon capture from coal-red power plants, for different nal requirements. Mg-MOF-74 is the best candidate regardless of the nal purity requirement. Not compressing the CO 2 to 150 bar saves 388 kJ kg CO 2 À1 and lowers the parasitic energy with 54%.
The net compression work is slightly higher than for MEA, as the CO 2 is not 100% pure when using Mg-MOF-74, so some N 2 has to be compressed as well. Further lowering the purity requirement decreases the parasitic energy from 339 to 271 kJ kg CO 2 À1 , an additional improvement of 20%. This is however much lower than the contribution of the 1-150 bar compression work. The order of the other top-performing materials shis slightly, depending on the imposed nal conditions. The polyamine-tethered porous polymer network PPN-6-CH 2 -TETA 74 disappears from the selection at 70% and 50%. The same is true for the amine-functionalized metal-organic framework mmen-CuBTTri. Finally, for all considered cation-exchanged X-type zeolite (Mg, Na, Ca), the parasitic energy is very similar across the considered cases. The cation-exchanged zeolites are of high interest, as they combine their good carbon capture properties with commercial availability on the tonne scale. This is especially true for zeolite NaX, which is oen used as a reference material for solid-adsorbent carbon capture. 31, [75] [76] [77] Finally, as the difference in carbon capture performance between the readily available NaX, and the yet-to-be commercialized Mg-MOF-74 is small, there is no reason to wait for the industrial production of novel materials in order to do carbon capture with solid adsorbents.
Inuence of the carbon source
Extending the analysis to other sources of CO 2 , such as the ue gas of natural gas-red power plants (with typically 4% CO 2 content) and ambient air (with CO 2 levels of 400 ppm), yields Fig. 4a . The 1-150 bar compression work is omitted in all cases and focus is on the imposed nal purity. Fig. 4b shows the relative improvement between the parasitic energy for 50% versus 99% imposed purity for coal ue gases, natural gas ue gases and ambient air. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
As expected from the minimum energy calculations in Table 2 , the parasitic energy for direct air capture is higher than that for carbon capture from natural gas ue gases or coal ue gases. Moreover, throughout the carbon sources, lower nal purity requirements decrease the parasitic energy. The largest gains are found for direct air capture, for which a lot of the poorly performing materials exhibit relative improvements of 20-60% between 99% and 50% purity. This observation does not correspond to the conclusions from the minimum energy calculations, which predicted much lower improvements for direct air capture. Therefore, these large improvements are likely related to improvements in the process, rather than in the thermodynamics of air capture. For coal and natural gas, 10-20% energy can typically be saved, especially for the best performing materials. Fig. 4 (a) The parasitic energy to capture CO 2 from a coal-fired power plant (COAL), a natural gas-fired power plant (NG) or directly from air (AIR). Final purity requirements of 50, 70 and 99% are shown and 1 bar is maintained across all cases. (b) The relative gain in parasitic energy (PE) between the parasitic energy for 50% versus 99% imposed purity for coal flue gases, natural gas flue gases and ambient air. 4 lists the ve best performing materials for carbon capture from the ue gas of natural gas-red power plants and directly from air, for the different nal requirements. For natural gas ue gases, the functionalized PPN-6 materials have the lowest parasitic energy requirements. The top performer is polyamine-tethered porous polymer network PPN-6-CH 2 -TETA, which was already mentioned among the ve best candidates for carbon capture from coal ue gases. The metal-organic material (MOM) zinc hexauorosilicate (SiF 6 À2 ), SIFSIX-3-Zn, is highly selective for CO 2 . 78, 79 In cases of lower purity, Mg-MOF-74 again acts as a promising candidate. And nally, the commercially available zeolite NaX is present in the top-5 materials for all purities. As opposed to the case of coal ue gases however, its performance is drastically lower than its competitors. For CO 2 capture at 99% purity and 150 bar, NaX has a parasitic energy of 925 kJ kg CO 2 À1 whereas for PPN-6-CH 2 -TETA, this is only 807 kJ kg CO 2 À1 .
For CO 2 capture directly from air, again the functionalized PPN-6 materials are suitable candidates, with PPN-6-CH 2 -DETA as the material with the lowest parasitic energy. The differences in parasitic energy, even among the ve best performers, are much larger than in the case for capture from coal or natural gas ue gases. Due to this wider spacing, the relative order of the materials does not change with changing purity requirements. Copper hexauorosilicate (SiF 6 À2 ), SIFSIX-3-Cu, is the second best material. And the zeolitic imidazolate framework ZIF-36-CAG also appears in this list. NaX is in the seventh place, with a parasitic energy of almost four times that of PPN-6-CH 2 -DETA (e.g. 2889 kJ kg CO 2 À1 for NaX versus 746 kJ kg CO 2 À1 for PPN-6-CH 2 -DETA in the case of 50% pure CO 2 ). In Table 5 , the parasitic energies of the best performing materials for each source of CO 2 are compared across the imposed purities. From Tables 3 and 4, we concluded that for CO 2 capture from coal-red power plants, Mg-MOF-74 had the optimal properties, for natural gas-red power plants, this was PPN-6-CH 2 -TETA and for direct air capture PPN-6-CH 2 -DETA. Lowering the nal purity requirement from 99% to 50% lowers the parasitic energy with almost 20% for Mg-MOF-74, whereas for PPN-6-CH 2 -TETA and PPN-6-CH 2 -DETA, the possible improvement is only 12%. Interestingly, for direct air capture, the parasitic energy requirement when purifying CO 2 from 400 ppm to 50% (746 kJ kg CO 2 À1 ) is only marginally higher than the original parasitic energy requirement for CO 2 at 150 bar and 99% purity from coal ue gas (727 kJ kg CO 2 À1 ). This indicates that direct air capture could be an attractive method to win CO 2 for specic cases of carbon utilization.
Importance of the nal purity
In the previous sections, the CO 2 purity was a key factor in the discussion. The initial purity of CO 2 is determined by the composition of the ue gas or the air, and is therefore xed by the carbon source. For the nal purity of CO 2 , we assumed that this is imposed by the operation of the carbon capture process. However, Fig. 5 reveals that this is not necessarily the case. In this plot, the results from Fig. 3 are color coded based on the nal purity, aer optimization of the parasitic energy. For a coal-red power plant ue gas and with nal purities set to 99%, 70% and 50%, only the best performing materials actually attain purities higher than 90%. Moreover, even when the purity requirement is gradually lowered (circles, squares and triangles at the same Henry coefficient), this barely inuences the nal purity. This indicates that the nal purity of the recovered gas mixture is in fact imposed by the material properties (e.g. Henry coefficient), rather than by the operating conditions. Fig. 6 shows the nal purity as a function of the CO 2 /N 2 selectivity of the material at adsorption conditions. A correlation exists between the CO 2 selectivity, a material property, and the nal CO 2 purity, an outcome of the carbon capture process optimization. For coal ue gases, there is no signicant difference between the different cases of imposed purity, which is a process parameter. Fig. S2 and S3 in the ESI † show that the points for natural gas ue gases and direct air capture are slightly further apart. In any case, the CO 2 /N 2 selectivity of the used material inuences the nal purity more than the imposed purity does.
Moreover, a couple of interesting correlations with the purity are shown in Fig. 7 . For clarity, the points are limited to the ue gases of coal-red power plants. In the ESI, † the correlations are also given for natural gas ue gases and air. In Fig. 7a , the parasitic energy is plotted as a function of the nal purity. Generally, the parasitic energy of a material decreases with increasing nal purity. At very high nal purity (>95%) however, the parasitic energies increase again, suggesting that the last percents are the most difficult to obtain. As was already clear from previous plots, the imposed purity also has an inuence on the Fig. S4 in the ESI †), most materials fail to meet the purity requirements, and hence result in parasitic energies of up to 4 orders of magnitude higher. Fig. 7b reveals an even clearer correlation between the nal purity and the compression energy. Also here, both the imposed and the nal purity have an effect on the compression energy. Therefore, it pays off to use a highly selective CO 2 adsorbent and lower the purity requirements later, rather Fig. 5 The parasitic energy to capture CO 2 from coal flue gas as a function of the CO 2 Henry coefficient (k H,CO 2 ) at 300 K, for CO 2 at 99%, 70% or 50% and 1 bar. The color code indicates the purity of the final gas mixture and shows that the purity requirement of 99% is only obtained for the best performing materials. Fig. 6 The final purity as a function of the CO 2 /N 2 selectivity of the material at adsorption conditions for carbon capture from coal flue gases at different imposed purities (99%, 70%, 50%). Note that the selectivity is a material property, the imposed purity an adaptable process parameter and the final purity an outcome of the process optimization.
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than using a less selective material CO 2 which would meet the goals. This is due to the compression work of the additional N 2 in the capture gas stream, as can be explained by Fig. 7c . The pressure at which CO 2 is recovered varies the most at high purity, dropping signicantly across the imposed nal purity, whereas at low purity, there is almost no improvement possible. Finally, in Fig. 7d , the parasitic energy across the different cases is compared with the original parasitic energy requirement for CO 2 at 99% and 150 bar shows that improvements of almost 60% are possible, especially when using coal ue gases as the carbon source. For direct air capture, the possible improvement of most materials is very low, but there are also some promising outliers at high purity (see Fig. S4 in ESI †). These plots demonstrate that on the one hand, for one specic material, the parasitic energy is reduced when lower purity requirements are imposed. On the other hand, across the different materials, the trend is that the higher the purity of the nal mixture, the lower the parasitic energy requirement. Although the purity is mainly imposed by the CO 2 /N 2 selectivity of the material, which is xed, there is some margin to tune the desorption pressure in order to lower the compression work of the regeneration. Therefore, the best strategy is to choose a highly selective material, which will hence yield a high nal purity, ensuring a low parasitic energy among competing materials. Subsequently, the carbon capture process can be operated at a lower imposed purity, thereby reducing the parasitic energy. Finally, when the desired purity is not met, a second adsorption step can be introduced. This step will be less energy-demanding, but will increase the parasitic energy of the overall process. This is an interesting extension for future work.
Case study: zeolite NaX
Zeolites are the work horses of the petrochemical industry, with widespread uses in catalysis and adsorption. Moreover, they have excellent regenerability and high stability in a wide range of environments. The commercial availability of zeolite NaX (or 13X) in particular, is truly unique among the considered materials. 80 Only a handful of MOFs have been commercialized so far, with prices that are many times that of zeolites. 81 The other materials discussed in this manuscript are even further away from industrial applications. Fig. 8 shows the Langmuir isotherms of CO 2 and N 2 in NaX, for carbon capture from coal ue gases (a) and directly from air (b) respectively. The numerical values for the desorption pressure, temperature and purity, as well as the compression, heating and parasitic energy are given in Table 6 . For coal ue gases, the CO 2 loading during adsorption conditions is high among its competitors: almost 150 g CO 2 kg NaX À1 , as is its selectivity (CO 2 /N 2 ) with 314, resulting in a relatively low N 2 uptake. Optimizing the parasitic energy includes a trade-off between pulling a stronger vacuum, and hence evacuating more CO 2 from the material in one step, and keeping a higher desorption pressure, but requiring more energy for heating the material. The result of this optimization is the ideal amount of CO 2 recovered in one step, the difference in the CO 2 loading at adsorption and the CO 2 loading at desorption. This amount remains more or less constant across the imposed nal purities. Lowering the nal purity requirement means that the desorption sweep stream contains less CO 2 and that therefore, the driving force for CO 2 to leave the framework increases. As a result, the desorption isotherm moves towards higher total pressures, and hence, lower pressures are needed to evacuate the same amount of CO 2 .
For direct air capture, Fig. 8b , the performance of NaX is suboptimal. In this case, the desorption pressure reached the lower limit of 1013 Pa for all cases. Therefore, the temperature has to be increased in order to recover enough CO 2 . However, the CO 2 working capacity is still poor (only 20% of that for coal ue gases) and the nal purity is below any of the imposed purities (around 34%). It is however possible to imagine carbon utilization at 30%, for instance to improve crop growth in greenhouses. 35, 36 
Cost from a sequestration and utilization viewpoint
As for any other chemical compound, there is a market for CO 2 . As opposed to any other market however, the CO 2 supply however exceeds its demand with several orders of magnitude, as illustrated in Table 7 . On the supply side, the 36 billion metric tons of CO 2 emitted in 2015. On the demand side, some 80 million metric tons of CO 2 , most of which were used for Enhanced Oil Recovery (EOR). Currently, the CO 2 used for EOR is delivered from natural CO 2 reservoirs, rather than from carbon capture in power plants. 82 Moreover, the recovered oil will in turn be converted into CO 2 emissions, giving rise to a net increase of CO 2 emissions to the atmosphere. Carbon capture and utilization for EOR will only be economically viable if the price of the carbon capture technology is lower than the price to extract CO 2 from natural reservoirs. Market mechanisms alone will therefore not have a signicant impact in order to lower CO 2 emissions to the atmosphere. That is why a growing number of countries, regions and cities are putting a price on CO 2 emissions, either through taxes or cap-and-trade mechanisms. Taxes straightforwardly provide incentives for polluters to reduce emissions, as it requires them to pay a xed amount for each ton of CO 2 emitted. Cap-and-trade mechanisms require polluters to buy units of allowed emissions, which can be traded on the market, like any other commodity. Last year, this global market traded 7 billion metric tons of CO 2 , a signicant portion of the total emissions. At rst sight, the total market for CCS This article is licensed under a Creative Commons Attribution 3.0 Unported Licence. Table 6 Detailed results of the parasitic energy optimization for zeolite NaX for different initial CO is two orders of magnitude larger than the market for CCU. However, it only pays off to capture and sequester CO 2 emissions if the price to emit one ton of CO 2 is higher than the cost of a technology that avoids the emission of one ton of CO 2 .
The trading prices of CO 2 in Europe and California were around 8 EUR and 12 USD per metric ton of CO 2 in 2015, whereas reported CCS costs are generally a few times higher (see Table 8 ). Moreover, on average, CO 2 emissions are priced at less than 10 USD per ton. 83 As a result, there is currently no market for CCS. With the current CO 2 trading prices, it is cheaper to dump CO 2 into the atmosphere and pay for it, than to avoid the emissions using CCS. In view of carbon utilization, it is not straightforward to nd prices for bulk CO 2 , as they are highly dependent on the source, and especially the distance from the source to the utilization site. We found a relatively low price for CO 2 from natural reservoirs, 15-19 USD per ton, but if new pipelines have to be build, this price will increase rapidly. Likewise, some chemical plants produce CO 2 with high purity and low costs (5-25 USD per ton), for instance from ammonia synthesis, but if the CO 2 is not used in the proximity of the renery, the cost will go up drastically. Moreover, when foodgrade CO 2 is required, the price will also be higher than that of industrial grade, etc.
The central question in this manuscript is whether utilization at ambient pressure and lower purity further shi the economics in a more favorable direction. Since the parasitic energy is dened as the electricity loss of the power plant, the values in kJ kg CO 2 À1 can be converted to currency, by assuming an average electricity price. In 2015, the price for electricity for industrial customers was on average 0.12 EUR per kW per h in the European Union 90 and 0.07 USD in the United States of America. 91 Note that there are large differences across these regions, and that no distinction is made between the relative costs of the different fuels (coal, natural gas, nuclear, renewable). Table 9 shows the monetary cost for the different carbon capture scenarios discussed above. These values do not include the capital cost, or the cost of transportation and sequestration, which is around 10 EUR per ton of CO 2 . The cost of 24 EUR per ton in Table 9 for carbon capture from the ue gas of coal-red power plants is in agreement with the CCS costs reported in Table 8 when subtracting the transportation, storage and capital cost. The price of 14 USD is also relatively close to the 15-19 USD for CO 2 from natural CO 2 reservoirs, indicating that captured CO 2 from coal ue gases could possibly be used for EOR. Secondly, in Table 9 , the difference between coal-red power plants and natural gas-red power plants is much smaller than what was expected from the policy reports in Table 8 . For CO 2 capture directly from the air, we did not nd reference prices in the literature, but the values in Table 9 are likely on the low side.
Most interestingly, not compressing the capture CO 2 from 1 bar to 150 bar saves around 13 EUR or 7 USD per ton of CO 2 . Lowering the purity requirement from 99% to 70% or 50% can save 1-2 EUR or 1-2 USD, a modest improvement. The CO 2 price of 9 EUR or 5 USD per ton from coal ue gases is very interesting for applications where 1 bar CO 2 at 50% purity is desired. Finally, an interagency working group determined the US social cost of CO 2 at 43 USD per ton of CO 2 in 2020 assuming a 3% discount rate. 89, 92 At this socially desirable CO 2 price, sequestration and utilization of CO 2 would be economically viable. Before CO 2 can be sequestered in underground reservoirs, it has to be puried to 99% and subsequently compressed to 150 bars, making up a large part of the cost for carbon capture and storage. For some examples of carbon capture and utilization however, compression to 150 bar is superuous and the nal purity requirement may be lower than 99%. The use of CO 2 to increase crop growth in greenhouses, algae growth for biofuel production or "Carbstone" are a few notable examples. In this manuscript, we investigate how far the parasitic energy and therefore costsof carbon capture can be lowered by considering less stringent nal conditions. To nd reliable trends, we screen a selection of over 60 materials, both synthesized and hypothetical, from a variety of material families. First of all, we nd that the compression work from 1 to 150 bar comprises up to 55% of the parasitic energy for CCS. Therefore, avoiding this compression work in a CCU application is by far the biggest possible improvement we identied. Moreover, lowering the purity requirement from 99% down to 50% further lowers the parasitic energy up to 20%. This stems from the fact that CO 2 can be recovered at a less strong vacuum, which requires less compression work.
When comparing different materials, two effects are at play. Across different materials, the higher the purity of the nal mixture, the lower the parasitic energy requirement. For a single material however, the parasitic energy is lowered when lower purity requirements are imposed. There is a systematic distinction between the imposed purity and the nal purity. We found that the CO 2 /N 2 selectivity of the material, a xed material property, and not the imposed nal purity, one of the carbon capture process conditions, has the largest inuence on the nal CO 2 purity, a result of the parasitic energy minimization. When a lower purity is imposed, the nal purity does not change signicantly, but the desorption pressure is higher and the compression work of the regeneration is hence lower. Therefore, a highly selective material yields a high nal purity, and the carbon capture process can subsequently be operated at a lower imposed purity, thereby lowering the parasitic energy.
As a result, the best performing materials remain the same across the considered nal conditions, although the relative order may somewhat shi. For carbon capture from coal ue gases, natural gas ue gases and air, these materials are Mg-MOF-74, PPN-6-CH 2 -TETA, and PPN-6-CH 2 -DETA, respectively. Zeolite NaX combines its commercial availability with good performance, especially for coal ue gases and natural gas ue gases.
Interestingly, omitting the 1-150 bar compression and lowering the purity requirement reduces the parasitic energy of direct air capture almost to the parasitic energy to recover CO 2 at 99% purity and 150 bar from coal ue gases. Direct air capture could hence be attractive for specic cases of carbon utilization. Bear in mind that changing the purity requirement is not possible with the MEA technology, as 100% pure CO 2 is stripped from the amines in the regeneration step. This underlines the extra potential of solid adsorbent carbon capture in the case of CCU.
As a conclusion, when CO 2 is not sequestered at 150 bar and 99% purity, but instead utilized at ambient pressure and lower purities, the parasitic energy and associated cost of carbon capture may be reduced by almost 60%. This drastically lowers the cost of carbon capture for utilization purposes. Moreover, the calculated price of CO 2 capture from coal ue gases, for utilization at 1 bar and 50% purity (9 EUR or 5 USD respectively), is competitive with CO 2 from natural reservoirs or reneries. This makes a strong case for carbon capture and utilization.
